INTRODUCTION
============

Carbon mitigation programs that protect and expand tropical forests are widely embraced as a win-win situation for conservation because they presumably enhance species diversity ([@R1], [@R2]). This presumption requires closer scrutiny in the seasonally dry tropics, where large areas of natural grasslands and savannas could be converted to forest through afforestation or fire suppression ([@R3]--[@R5]). In these biomes, it cannot be assumed that increased tree cover will generate net benefits for biodiversity because savannas contain many endemic light-demanding species that can be displaced or eliminated by forest cover ([@R3], [@R6], [@R7]); thus, species-rich savannas may undergo a net loss of species when replaced by forest. For this reason, it is important to rigorously quantify the impacts on biodiversity of management practices that seek to maximize carbon sequestration by promoting forest cover.

Where savanna management is not aimed specifically at carbon sequestration, other factors may lead to the same outcome of increased tree density and ecosystem carbon stocks. Tree densities have been increasing in many savannas across the tropics ([@R8]), likely because of fire suppression and increasing atmospheric CO~2~ ([@R9]--[@R12]). In the savannas of the Brazilian Cerrado, governmental regulations severely restrict the use of fire, and fire suppression is actively practiced in most reserves and parks ([@R13]) because of widespread perception that fire is detrimental to biodiversity. This is compounded by expansion of crops, pasture, and forest plantations at alarming rates ([@R14], [@R15]), resulting in highly fragmented landscapes. Because such fragmentation impedes fire spread, natural ignitions alone are unable to maintain fire frequencies that were once possible ([@R16]).

We assessed the impact of 30 years of fire suppression and forest encroachment in savannas in the Brazilian Cerrado, a biodiversity hotspot ([@R17]) and putatively the most species-rich savanna region in the world ([@R18], [@R19]). To understand the long-term impact of current fire policies, we quantified changes in biodiversity and ecosystem carbon stocks at three savanna-forest boundaries actively undergoing forest encroachment due to fire suppression. At each site, we measured soil and vegetation carbon stocks and surveyed plant communities across a network of 30 plots ranging from open savanna (mean tree basal area of 3.1 m^2^ ha^−1^) to recently formed forest (mean basal area of 21.5 m^2^ ha^−1^). Aboveground-foraging ant communities were also surveyed, serving as a representative animal group. We used a 30-year series of Landsat satellite images to quantify rates of vegetation change and to hindcast carbon sequestration and the resulting species loss.

RESULTS
=======

The study area has undergone a steady increase in tree cover over the past 30 years. Over this time, there was a continuous increase in the enhanced vegetation index (EVI; [Fig. 1](#F1){ref-type="fig"}), a satellite-derived metric that is strongly and positively correlated with tree basal area, leaf area index (LAI), and ecosystem carbon stocks across our study sites (figs. S1 and S2). As inferred from historical EVI, all plots that are now forest were occupied by savanna or grassland in 1986, corroborating observations by reserve personnel working at the site during this period.

![Historical changes in EVI over 30 years of fire suppression.\
Historical changes in the EVI over 30 years of fire suppression, as determined by Landsat images. Each study plot is denoted by a different symbol and a separate regression line.](1701284-F1){#F1}

In 2015, ecosystem carbon stocks (plants + surface soils) ranged from a mean of 20.8 Mg ha^−1^ in open savanna sites to 83.5 Mg ha^−1^ in forest. The gradient in carbon stocks can be attributed primarily to a 14-fold increase in tree biomass and, to a lesser extent, a 2-fold increase in surface soil stocks (0 to 20 cm) over the vegetation gradient ([Fig. 2A](#F2){ref-type="fig"}). The annual increase in ecosystem carbon storage was 1.19 Mg ha^−1^ year^−1^ over the past three decades, as estimated by combining the time series of EVI ([Fig. 1](#F1){ref-type="fig"}) with the empirical relationship between EVI and ecosystem carbon (fig. S2).

![Carbon stocks and species richness due to forest encroachment.\
Changes in (**A**) carbon stocks, (**B**) plant species richness, and (**C**) ant species richness over gradients of forest encroachment. All variables were significantly correlated with basal area (*P* \< 0.0001) except for the number of forest and generalist ants (*P* = 0.42).](1701284-F2){#F2}

The increase in tree biomass over the vegetation gradient was accompanied by decreases in the richness of both plant and ant species, with particularly large losses in savanna specialists ([Fig. 2](#F2){ref-type="fig"}). The loss of savanna species was most acute when vegetation reached a stem basal area of approximately 15 m^2^ ha^−1^ and an LAI of 2.5, a threshold that corresponds roughly to the transition between savanna and forest as indicated by the disappearance of C~4~ grasses ([@R20], [@R21]). Forest sites had 69% fewer savanna plant species and 74% fewer savanna ant species, compared to dense savanna. This decline in savanna species was partially offset by an increase in the number of forest specialists ([Fig. 2](#F2){ref-type="fig"}) thus, when all species were considered, forest sites had 33% fewer plant species and 34% fewer ant species than dense savanna. Because species richness of each group was strongly correlated with EVI (*r*^2^ = 0.65 to 0.86, *P* \< 0.0001; fig. S2), we used historical changes in EVI ([Fig. 1](#F1){ref-type="fig"}) to estimate changes in species diversity since 1986. In the sites that are now forest, we estimate that 27% of plant species and 35% of ant species have been lost during 30 years of fire suppression, whereas the loss of savanna specialists was 67 and 86% for plants and ants, respectively. The loss of plant species involved primarily shrubs and herbaceous species, whereas the number of tree species increased (fig. S3).

These concomitant changes in diversity and ecosystem properties resulted in a strong trade-off between ecosystem carbon stocks and species richness across the savanna-forest gradients ([Fig. 3](#F3){ref-type="fig"}). Over the ranges of tree densities studied, each 1% increase in ecosystem carbon resulted in a 0.27% decrease in total plant species richness and a 0.43% decrease in ant species richness ([Fig. 3](#F3){ref-type="fig"}), as determined from the sensitivity coefficient. When only savanna species were considered, each 1% increase in ecosystem carbon corresponds to decreases of 0.98 and 1.38% for plants and ants, respectively ([Fig. 3](#F3){ref-type="fig"}). Together, forest and generalist plant species increased by 0.76% for each 1% increase in carbon, but there was no detectable change for ants.

![Carbon-biodiversity trade-offs across savanna-forest transitions.\
Carbon-biodiversity trade-offs across savanna-forest transitions. Relationships between ecosystem carbon stocks and species richness of (**A**) plants and (**B**) ants. All relationships are statistically significant (*P* \< 0.0001). Fitted relationships: all plants, *y* = 245.88*x*^−0.271^; savanna plants, *y* = 1953.4*x*^−0.975^; all ants, *y* = 198.68*x*^−0.426^; savanna ants, *y* = 2258.8*x*^−1.380^.](1701284-F3){#F3}

Stem basal area in 2015 was significantly correlated with properties of surface soils (0 to 20 cm). Sites with higher basal area had greater silt, clay, and organic matter; higher cation exchange capacity (CEC); higher availabilities of P, K, B, and S (fig. S4); and higher concentrations of P, K, B, and S (fig. S4). Higher basal area was associated with lower pH, sand, and Cu (fig. S4).

DISCUSSION
==========

Previous studies in the Cerrado have suggested that forest encroachment into open savanna results in a net increase in plant species richness ([@R6], [@R22]--[@R24]), but these studies have been limited to trees and therefore overlook the high diversity of shrubs and herbaceous plants in savannas. Here, diversity of tree species increased with forest encroachment, whereas diversity of shrubs and herbaceous plants declined markedly (fig. S3). The decline in these groups is particularly noteworthy because shrubs and herbaceous plants comprise 75 to 80% of plant species in the Cerrado region ([@R25]) and 58% of species at the study sites (table S1). Of these nontree species, 79% are savanna specialists and are therefore particularly sensitive to forest encroachment. Herbaceous communities are vastly understudied in the Cerrado, compared to trees, but deserve greater attention considering their high diversity and vulnerability to fire suppression.

In sites encroached by forest, a few savanna plant species still persist at low abundances, and these are nearly certain to continue declining if fire is not reintroduced into the system. Some species may depend directly on fire for reproduction ([@R26], [@R27]), but more generally, plant species adapted to savanna environments cannot tolerate the low light availability under a forest canopy ([@R5], [@R28], [@R29]). These species mostly persist in forest as occasional moribund individuals with few leaves. A few robust savanna trees remain in the forests, but these are rare individuals that are sufficiently tall to access ample light. Even these species are unlikely to persist beyond the life span of these individuals because their seedlings are nearly absent from sites encroached by forest. In short, we expect continued loss of savanna specialist species in forest-encroached sites, and the results presented here should be considered an underestimate of the eventual impact of fire suppression.

Similar responses to forest encroachment are expected for animal communities, represented here by ants because they are a diverse group that lend themselves to systematic sampling. As for plants, ant communities are strongly dependent on vegetation structure ([@R30], [@R31]); consequently, forest encroachment results in a notable loss of ant species adapted to open vegetation ([Fig. 2C](#F2){ref-type="fig"}). These savanna-dependent species have evolved within most or all major groups of animals of the Cerrado region, including reptiles ([@R32]), amphibians ([@R33]), birds ([@R19]), and mammals ([@R34]). Among these are species of particular conservation concern, such as the maned wolf ([@R35]), Pampas deer ([@R36]), and the greater rhea ([@R37]). The interrelationships between vegetation, fauna, and fire are complex ([@R38]), but generally, animal species specialized to savanna and grassland should be considered vulnerable to fire suppression and forest encroachment.

Forest encroachment at this site was made possible by long-term fire suppression, although increasing atmospheric CO~2~ may have contributed by accelerating tree establishment and growth ([@R9]--[@R12]). However, encroachment was not uniform across the study area, with substantial variation in both initial density and subsequent rate of increase ([Fig. 1](#F1){ref-type="fig"}). Previous fire history likely contributed to the initial differences, because fires were common before the 1980s and would not have burned uniformly across the area. However, during the 30-year study period, only four of the most open plots had burned, and only one was burned more than once in these three decades. Fire is not likely to be the only factor responsible for this variation because encroachment was greatest in soils that have greater water retention capacity (high silt and clay and low sand; fig. S4) and higher concentrations of P, K, B, and S (fig. S4). These soil variables were measured in the top 20 cm of the soil profile, where vegetation can have large influences on soil chemistry ([@R39]); thus, causality is difficult to ascertain. Nevertheless, the gradient in sand content reveals preexisting soil differences that likely influenced rates of forest encroachment under fire suppression. Regardless of the role that soils and nutrients may play in controlling the rate of forest expansion ([@R40]--[@R43]), tree encroachment has continued steadily in all savanna sites ([Fig. 1](#F1){ref-type="fig"}).

If the current trajectory is not interrupted, we expect most or all high-quality savanna to be lost from the study area within a decade or two, with obvious negative consequences for biodiversity. Reintroduction of fire would reverse the process of tree encroachment, but to avoid catastrophic loss of biodiversity, it is important to restore a natural fire regime well before the canopy becomes dense enough to substantially impact the herbaceous layer. Once the diversity of the herbaceous community has been substantially depleted, it is unlikely to recover readily, even after the vegetation is opened. Restoring "old-growth" grasslands such as these is notoriously difficult ([@R44]), particularly in the Cerrado, where receding forest is typically replaced by aggressive exotic grasses ([@R21], [@R45]) that preclude the recovery of native herbaceous species ([@R45]).

Implications for policy and management
--------------------------------------

These findings challenge the widespread assumption that promoting forest cover has universal co-benefits for carbon sequestration and biodiversity ([@R1], [@R2]). Forest encroachment resulted in increased ecosystem carbon at the expense of reduced species diversity, an outcome that is likely repeated wherever forest encroaches on the Cerrado and other species-rich savannas and grasslands in the world. Under these conditions, a carbon-centered conservation strategy may be inappropriate ([@R46], [@R47]), except in excessively burned savannas, where modest reductions in fire frequency or intensity benefit both biodiversity and carbon storage ([@R48]).

The results presented here are particularly alarming in light of the current policy of fire suppression throughout the Cerrado region ([@R13]). Policies of fire suppression in Brazil are exacerbated by ongoing land-use change and vegetation fragmentation, which restrict fire spread and thereby reduce fire frequency ([@R16]). In large, unbroken expanses of the Cerrado, lightning fires can sustain frequent burning ([@R49]), but this becomes increasingly improbable as vegetation is fragmented ([@R16]). Where lightning fires are not replaced with sufficient human-initiated fires, biodiversity losses on protected lands, as observed here, will be increasingly common throughout the Cerrado. Even greater losses should be expected in the core of the Cerrado region, which supports greater diversity of savanna species than the study area ([@R50]), which lies near the southeastern limit of the Cerrado. To date, the consequences of excluding fire are much more evident in the study area ([@R51]) because of its longer history of habitat fragmentation and protection from fire. This history offers important lessons that are relevant throughout the Cerrado and other tropical savanna regions.

Environmental legislation in Brazil advanced a step in the right direction by legalizing prescribed fires for conservation of protected areas in the Cerrado (Law number 12651, Article 38, in effect since May 2012), but to date, controlled fires have been used only in a few reserves whose management plans specifically permit prescribed burning. However, burning cerrado vegetation outside formal reserves remains illegal ([@R13]). This situation could change if the expected National Fire Policy mandated by law were implemented (Law number 12651, Article 40), regulating the use of fire in natural vegetation throughout the Cerrado ecoregion. Nevertheless, the overall perception that fire is destructive can be an obstacle even more difficult to surpass because managers of protected areas hesitate to prescribe fire in fear of formal punishment or social condemnation ([@R13]).

Negative attitude toward fire is difficult to overcome; however, our results offer important direct evidence of biodiversity loss due to woody encroachment when fire is eliminated in the Cerrado. The expansion of forests and trees in savanna ecosystems may be a global phenomenon, attributed to a complex of different factors in each region ([@R8], [@R52]), but there is no question that fire is an effective tool to prevent it. Our results indicate that, on any Cerrado land managed for conserving savanna landscapes and biota, burning should occur with sufficient frequency and intensity to prevent tree densities from approaching the point at which light-demanding species fail to thrive (that is, basal area of approximately 15 m^2^ ha^−1^). This should be considered the absolute maximum acceptable tree density for avoiding catastrophic loss of savanna species, and even this density may exceed the point at which prescribed burning can safely and effectively reverse tree encroachment. Ideally, consideration should be given to maintaining the mosaic of grassland (campo limpo), shrub savanna (campo sujo), and tree savanna (cerrado sensu stricto) that may have historically occurred at a site. Ultimately, fire management in the Cerrado should evolve to consider the ecological role of fire, such as stimulating flowering in herbaceous plants and influencing exotic species, but this requires observations that can accrue only if land managers and scientists are allowed to use prescribed fire as a management tool. Until this information is available for the Cerrado, managers can use knowledge from long-term fire experiments in Africa and Australia ([@R53], [@R54]), as well as traditional knowledge on fire management in the Cerrado ([@R55]). Meanwhile, it is urgent to reformulate the current timid policies that favor fire suppression over all other options.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

### Study area

The Santa Barbara Ecological Station (SBES) is located in the municipality of Águas de Santa Bárbara, São Paulo State, Brazil, with an area of 2715 ha ([@R56]). It lies within 22°46′33″ and 22°50′33″ S and 49°10′27″ and 49°15′36″ W, near the southeastern edge of the Cerrado region, at altitudes between 600 and 680 m above sea level. The climate in the area is Köppen Cwa-type ([@R56]), with monthly mean temperatures varying between 16° and 24°C. The annual mean rainfall is between 1100 and 1300 mm, with dry winters and rainy summers. The soils of the study area are deep oxisols with high sand content, low nutrient content, and high saturation of aluminum ([@R57]).

### Data collection

The study was undertaken at three savanna-forest transitions located at distances of 2 to 5 km from each other. A network of 30 plots was distributed across these transitions to include 12 in recently formed forest, 12 in tree-dominated savanna, and 6 in shrub-dominated savanna. These vegetation classes correspond to cerradão, cerrado sensu stricto, and campo sujo of the Brazilian classification system ([@R25]). Each plot was 20 m × 50 m (0.1 ha), within which the stem diameter of all trees greater than 5 cm were measured. All trees and shrubs with stem diameters between 1 and 5 cm were measured within 10 5-m × 5-m subplots distributed regularly throughout each plot. Tree seedlings and the herbaceous community were sampled within 40 1-m × 1-m subplots distributed in a grid within each 0.1-ha plot. All individuals sampled within these plots were identified to species in the field or collected for subsequent identification.

Plant species were categorized into eight growth forms: (i) grass; (ii) sedge; (iii) forb, that is, nongraminoid plant without a persistent woody stem; (iv) subshrub, that is, woody plant typically less than 75 cm tall as adults; (v) shrub; (vi) palm; (vii) treelet; and (viii) tree. On the basis of literature ([@R58], [@R59]), species were also classified according to habitat preference into three groups: (i) savanna specialists, (ii) forest specialists, and (iii) generalists, that is, species that are commonly found in both savanna and forest habitats (table S1). Some species of the latter group may be true generalists that persist indefinitely in either environment, but most are best considered as transitional species typically found in forest but readily colonize savanna under fire suppression.

The aboveground-foraging ant community was characterized for each of the 0.1-ha plots placed in forest or tree-dominated savanna; the six plots in shrub-dominated savanna were omitted. Five 2.5-m × 2.5-m grids were established along the borders of each plot, keeping a minimum distance of 20 m between any two grids. Four pitfall traps were set in each grid, totaling 20 traps per plot. Pitfall traps consisted of a small plastic cup (250 ml, 8.5 cm high, and 7.8 cm in diameter) partially filled with water and detergent. The traps remained in operation for 48 hours. All ant specimens collected were sorted to morphospecies and, whenever possible, identified to species using available taxonomic keys or through comparison with specimens previously identified by experts and deposited at the Zoological Collection of the Federal University of Uberlândia, Brazil.

Each ant species or morphospecies was classified as savanna specialist, forest specialist, or habitat generalist (table S2). Because the habitat preference of some ant species could not be determined from existing literature sources, these species were classified on the basis of abundance at the site. A species was considered a specialist if it occurred exclusively, or nearly so, in either savanna or forest and was considered a generalist if it occurred at similar frequencies in both habitats. To eliminate the possibility that this post hoc classification might introduce spurious relationships when testing for vegetation impact on species richness within the functional types, we also applied an alternate approach to classifying species using subsets of the data. For this, abundance data from two of the savanna-forest boundaries were used to classify species, and then this classification scheme was used to determine the number of savanna, forest, and generalist species at the third boundary. By using successive subsets of the data in this way, the test for vegetation response was independent of the data used to classify the species. Fewer species could be classified as habitat specialists in this manner, but in relative terms, results were stronger than when analyzed in the previous manner. Specifically, forest encroachment was found to result in an 87% decline in the mean number of savanna ant species per plot (3.0 in forest versus 22.3 in savanna) but a 3.5-fold increase in the number of forest species (12.3 versus 3.7). Consequently, we used the classification scheme based on the full data set for all subsequent analyses because this allowed a greater number of species to be classified.

In each of the 30 vegetation plots, the LAI of the overstory was measured with hemispherical canopy photographs taken at each of the 40 subplots used to characterize the ground layer community. To ensure conditions of diffuse light, all photos were taken before sunrise, after sunset, or under homogeneous overcast skies. A tripod was used to position the camera (Canon EF 8-15mm fisheye lens) at a height of 1 m, and the top of the camera was oriented relative to the north. Photos were taken with an underexposure of one *f* stop ([@R60]), and the color images were converted to black and white using Hemisfer 2.12 ([@R61], [@R62]) and using maximum blue contrast ([@R63]). The images were then analyzed with Hemisfer 2.12 using an automatic threshold for closed-canopy vegetation and with a supervised manual threshold under open canopies. The LAI values were averaged over the 40 subplots to obtain a single value for each 0.1-ha plot.

### Ecosystem carbon and soil properties

Samples of surface soil (0- to 20-cm depth) were collected for each of the 30 plots. A composite soil sample was made with five subsamples from surface soil collected immediately adjacent to the plot at intervals of 10 m along its longest axis. The soil samples were submitted to a commercial laboratory to quantify coarse sand, fine sand, silt, and clay fractions; extractable Ca, Mg, K, B, Cu, Mn, Fe, and Zn; available P; exchangeable Al; pH and organic matter; and the derived variables: potential acidity (H + Al), CEC, exchangeable acidity, and base saturation and aluminum saturation. A subset of 16 plots was sampled to determine carbon stocks in litter, duff, and herbaceous plant pools. These were sampled in four or five 0.25-m^2^ subplots adjacent to each plot. In each subplot, the ground layer biomass was collected and divided into grass, sedge, and dicot fractions. Litter was divided into leaf and wood fractions. When a discernable organic horizon (duff) was present, this was also collected in a 0.0625-m^2^ portion of the subplot. All these components were weighed after drying for at least 5 days at 60°C. Each dried duff sample was thoroughly mixed, and a subsample was weighed before ashing in a muffle furnace to determine the fraction of organic matter. The carbon content of the lost mass was calculated using a conversion factor of 0.58 kg C kg^−1^ organic matter. The combined carbon content of litter, duff, and herbaceous plants was summed after scaling each to similar units (Mg ha^−1^). Because this combined pool accounted for a small fraction of the ecosystem carbon pools (mean, 13%; range, 9 to 21%) and was strongly correlated to tree basal area (*r*^2^ = 0.70), we used regression to estimate the size of this pool for the 14 plots for which this was not measured directly.

Total tree biomass was estimated for each plot using allometric equations developed for trees in a range of Cerrado physiognomies and including both root and shoot biomass ([@R64]) as follows$$\text{Savanna\ plots}~:~\text{ln}(\mathit{M}) = - 1.6516 + 0.7643*\text{ln}(\mathit{d}^{2}\mathit{h})$$$$\text{Forest\ plots}(\text{cerradão}):~\text{ln}(\mathit{M}) = - 2.8573 + 0.9556*\text{ln}(\mathit{d}^{2}\mathit{h})$$where *M* is the predicted dry biomass (in kilograms), *d* is the stem diameter (in centimeters), and *h* is the height (in meters). Mass of carbon was calculated using a conversion factor of 0.5 kg C kg^−1^ biomass ([@R65], [@R66]).

### Remote sensing

To quantify vegetation change over 30 years of fire suppression, we used vegetation indices derived from Landsat satellite images and obtained from the USGS (United States Geological Survey) portal (<https://espa.cr.usgs.gov/>). We first evaluated the performance of four vegetation indices, normalized difference vegetation index (NDVI), enhanced vegetation index (EVI), soil-adjusted vegetation index (SAVI), and modified soil-adjusted vegetation index (MSAVI) calculated from surface reflectances derived from Landsat 8. Of these four indices, the EVI was most strongly correlated with tree basal area (*r*^2^ = 0.75) and LAI (*r*^2^ = 0.89; fig. S2); thus, all further analyses were undertaken with this index. To determine long-term vegetation trends, we used all available images from 1986 to 2016 that were acquired by Landsat 5--8 under cloudless conditions and during the wet season months of November through May. For each image, EVI was spatially averaged for each study plot. This resulted in multiple values for each calendar year, which were then composited by determining the yearly maximum.

### Statistical analysis

Analyses were performed with the base stats package in R ([@R67]). The lm function was used to fit linear and quadratic models, and the package nlstools ([@R68]) was used for fitting nonlinear models.

To characterize the relative change in species richness (*r*) for a relative change in ecosystem carbon (*C*), we calculated the coefficient of sensitivity, $\frac{\mathit{d}\mathit{r}}{\mathit{d}\mathit{C}}\frac{\mathit{C}}{\mathit{r}}$, also known as elasticity in economics and demography ([@R69]). This was calculated as the slope of the relationship between ln(*r*) and ln(*C*).

We estimated past changes in carbon stocks and species number by using a space-for-time substitution. We first used nonlinear regression to obtain predictive relationships for estimating ecosystem carbon stocks and species richness as a function of current EVI (fig. S2). These regression equations were then used to estimate carbon and richness based on EVI values for 1986 and 2015. To avoid potential artifacts resulting from year-to-year variation in the composite EVI values, we used linear trend lines fitted to each plot ([Fig. 1](#F1){ref-type="fig"}) to interpolate the EVI values for these 2 years.
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fig. S1. Relationships between the EVI and vegetation structure.

fig. S2. Relationships used to hindcast historical vegetation change.

fig. S3. Response of plant growth forms to vegetation structure.

fig. S4. Relationships between tree basal area and characteristics of surface soils (0 to 20 cm) in 2015.

table S1. Plant species recorded at SBES, Brazil, in 2015.

table S2. Ant species sampled at SBES, Brazil, in 2015.

table S3. Details of the 30 study plots in this study.
